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EXECUTIVE SUMMARY 

System Analysis Module (SAM) is currently under development at Argonne National 
Laboratory as a modern system-level modeling and simulation tool for advanced non-light 
water reactor (non-LWR) safety analyses. It utilizes the object-oriented application 
framework MOOSE to leverage the modern software environment and advanced numerical 
methods. The capabilities of SAM are being extended to enable the transient modeling, 
analysis, and design of various advanced nuclear reactor systems.  

This report summarizes recent SAM code improvement to heat transfer modeling 
capabilities to support system and core thermal-hydraulics analysis for advanced nuclear 
reactor systems. These new capabilities include implementation of the energy equation for 
solid structure in porous medium and its coupling with porous medium flow energy equation; 
coupling between one-dimensional flow equation and three-dimensional heat conduction 
equation; coupling between two-dimensional heat structure and three-dimensional porous 
medium flow equations; and implementation of effective thermal conductivity correlations for 
solid pebble beds and its validation against High Temperature Test Unit (HTTU) 
experimental data. Demonstration or validation test problems are also included in this report 
to confirm the successful implementation of these capabilities. 
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1 Introduction 
The System Analysis Module (SAM) is a modern system analysis code being developed at 

Argonne National Laboratory for advanced non-light water reactor (non-LWR) safety analysis 
[1]. SAM code development has attracted a wide range of interests from the advanced non-
LWR community, and recently, U.S. Nuclear Regulatory Commission (U.S. NRC) also stated 
its intent to use SAM as the system and core thermal-hydraulics analysis code for design basis 
events of advanced non-LWRs [2]. 

Compared to existing light water reactor designs, advanced non-LWR concepts are 
different in many ways, including, for example, the choose of reactor core coolant and fuel 
form, core configurations, etc. In terms of system and core thermal-hydraulics analysis, it 
requires additional capabilities to consider multi-scale, multi-dimensional, and multi-physics 
effects that are typical for advanced non-LWR designs. To address these modeling and 
simulation challenges, it is necessary to improve SAM code, especially in areas such as multi-
scale and multi-dimensional heat transfer modeling capabilities. This report summarizes recent 
such code improvements to heat transfer modeling capabilities. These new capabilities include 
the implementation of energy equation for solid structure in porous medium and its coupling 
with porous medium flow equations; coupling between one-dimensional flow equation and 
three-dimensional heat conduction equation; coupling between two-dimensional heat structure 
and three-dimensional porous medium flow equations; and implementation of effective thermal 
conductivity models of solid pebble beds and its validation against High Temperature Test 
Unit (HTTU) experimental data. 

2 Solid Energy Equation in Porous Medium Flow Applications 
In nuclear reactor thermal-hydraulics analysis, it is a common approach to using porous 

medium flow to model the fluid flow and heat transfer in very complex but with regular pattern 
geometries, such as the pebble bed core in high temperature gas-cooled reactors (HTGRs) and 
tube bundles in steam generators. As such examples, THERMIX [3] and recently developed 
Pronghorn [4] are both based on porous-medium approach and are used to predict core 
thermal-hydraulics behaviors in pebble-bed type of reactors. The COMMIX code [5][6] was 
based on multiphase porous medium approach, which had been successfully applied in many 
thermal-hydraulics analysis applications, such as reactor rod bundles and heat exchangers. 
CUPID-SG, a derivative of CUPID, is also such an example that uses a porous medium 
approach for thermal-hydraulics analysis of pressurized water reactor (PWR) steam generators 
[7]. 

In SAM, a similar porous medium flow model capability has been recently developed to 
support the modeling and simulation needs for flow and heat transfer in complex geometries, 
such as pebble beds. The model is intended to model single-phase flow in porous medium and 
its heat transfer with the solid structures. The implementation of the porous medium flow 
model is based on an existing 3D flow model previously implemented in SAM [8]. This 3D 
flow model was implemented in its conservative form, and has recently been updated to also 
include its primitive form, such that a unified 3D flow and porous medium flow model could 
be further developed.  
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For the porous medium flow model, the following equations describe the mass, 
momentum, and energy balance of the fluid phase: 

!
"#
"$ + & ∙ (#)⃗) = 0	 (2.1) 

#
")⃗
"$ +

#
! ()⃗ ∙ &))⃗ + !&/ − !#1⃗ + 2)⃗ + 3|)⃗|)⃗ = 0	 (2.2) 
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::: + ;<ℎ(7 − 7>) = 0	 (2.3) 

An addition solid energy equation is added to describe heat conduction within solid 
structure and its convective heat transfer with the fluid phase: 

(1 − !)#>56,>
"7>
"$ − & ∙ A8BCC&7>D + ;<ℎ(7> − 7) − 9>

::: = 0	 (2.4) 

In equations above, ε is the porosity of the porous medium, )⃗ is the so-called superficial 
veloc- ity, which is related to the intrinsic velocity,	EF⃗ , as	)⃗ = EF⃗ !. The last two terms in the left-
hand-side of equation (2.2) represent the viscous and inertia terms, respectively. Currently, 
several empirical correlations have been implemented in SAM for the two coefficients, α and 
β. The heat transfer between the fluid and solid phase is represented by the awh(T−Ts) term in 
the fluid energy equation (2.3), as well as the awh(Ts−T) term in the solid energy equation 
(2.4), in which aw is heat transfer area per unit volume. Again, empirical correlations are 
available for the heat transfer coefficient h, such as the KTA correlation [9] for high 
temperature gas-cooled reactors. 

In the remaining of this section, two simple test problems are provided to demonstrate this 
newly added code capability. The first test problem is rather simple in terms of geometry, 
which is a 2D rectangle domain in the Cartesian coordinates, as shown in Figure 1. Both the 
flow equations and solid energy equation, i.e., equations (2.1)-(2.4), are simultaneously solved 
in this domain. Boundary conditions and other input parameters such as the volumetric heat 
source in the solid phase is also shown in Figure 1. SAM simulation was performed using a 
uniform 20(x)×8(y) mesh size, from which steady-state solutions were obtained.  

 
 

Figure 1, Simulation domain and boundary conditions for the first test case on coupled 
solid energy equation to porous medium flow equations. 
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The steady-state SAM simulation results are shown in Figure 2 for fluid temperature, solid 
temperature, and fluid velocity magnitude. The fluid and solid temperatures along the center 
line of the domain (y=0.05m) are also plotted in Figure 3. Although the problem setup seems 
quite simple, there does not exist analytical solutions for verification purpose. Nevertheless, it 
can be observed that the liquid temperature increases almost linearly with x-location due to 
energy transferring from the solid phase to it. For the solid phase temperature, its distribution is 
more complex than a simple linear one as a result of volumetric heat source, heat transfer to the 
liquid phase, as well as heat conduction within the solid phase. The fluid velocity also shows a 
correct trend that it increases with x-location as a result of increasing temperature (decreasing 
density). As a minimum verification effort, energy balance between the heat generation in the 
solid phase and the heat removal to the liquid phase has been computed, and it was found a 
well energy balance could be reached. 

 
Figure 2, SAM results for the first test problem on coupled solid energy equation to porous 

medium flow equations in a 2D rectangle domain. Top: fluid temperature; Middle: solid tem- 
perature; Bottom: velocity magnitude. 

 
A second test problem was then constructed to demonstrate such fluid-to-solid heat transfer 

capability in a more complex geometry, with a cavity-pebble bed-cavity configuration in a 3D 
domain. As shown in Figure 4, coolant flows into the domain from the bottom surface and 
leaves from the top surface. From bottom to top, there are three consecutive blocks of cavity, 
pebble bed, and cavity. In both cavity blocks, the porosity is set to be 1, and there is no solid 
structure present. Therefore, there is no solid temperature, and therefore solid energy equation, 
solved in the two cavity domains. In the center porous bed block, the porosity is set to be 0.4, 
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and solid temperature is solved from the solid energy equation. Such a configuration is similar 
to those of pebble bed reactors where upper and lower plenum could be modeled as cavities 
while the reactor core modeled using the porous media flow equations. For this test problem, 
the volumetric heat source in the pebble bed takes the form of, 

 

9>::: = 5 × 10IcosM
NOPQ + RQ

4 T cos U
NV
8 X	

which does not have physical importance, while the sole purpose is to demonstrate the multi- 
dimensional effect of the simulation.  

 
Figure 3, Fluid and solid temperature plots of the first test problem on coupled solid energy 

equation to porous medium flow equations in a 2D rectangle domain. 
 
SAM steady-state results are shown in Figure 5. Similar to the previous test problem, the 

liquid temperature increases along its flow path as it picks up the heat from the solid phase. 
The solid temperature shows a more complex distribution as a result of the central peaked 
power distribution, heat transferring to the liquid, as well as the heat conduction within the 
pebble bed. The right plot in Figure 5 shows the fluid velocity distribution in the entire domain. 
As we have intentionally chosen the so-called superficial velocity to solve, the velocity 
transition across the cavity-to-pebble bed interface is smooth. Otherwise, if the intrinsic 
velocity had been chosen, there would be a sudden jump in velocity magnitude due to the 
sudden change of porosity, which could be generally problematic for FEM-based computer 
code, such as SAM. 

As a brief summary for this section, the energy equation for solid phase in porous medium 
has been added into SAM, and coupled to the porous medium flow equations. Two test 
problems were included to demonstrate this newly added capability. The first problem uses a 
fairly simple 2D rectangle geometry while the energy balance could be easily verified. The 
second problem takes place in a more complex 3D domain with a cavity-pebble bed-cavity 
configuration, and spatially non-uniform heat source was applied in the pebble bed. For both 
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problems, it has been demonstrated that SAM has the capability and flexibility to handle 
complex heat transfer problems in pebble bed reactor type of applications. 

 

 
Figure 4, Problem setup for the second test case in a 3D domain with cavity-pebble bed-

cavity blocks. Solid energy equation is only solved in the pebble bed block with a given 
volumetric heat source. 

 
 

 
Figure 5, SAM results for the second test problem in a 3D domain. Left: fluid temperature; 

Middle: solid temperature; Right: velocity magnitude. 
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3 Coupling between 1D Flow and 3D Solid Heat Conduction 
In traditional system analysis approaches, it is typical to treat heat conduction in solid 

structures using one- or two-dimensional heat conduction equation. This is partially due to the 
difficulty to generate unstructured three-dimensional mesh in such tools, and also partially due 
to the large computational cost associated with solving such (then) large problems. For light 
water reactor applications, as fuel pins are more or less isolated from each other in terms of 
heat transfer, heat conduction in fuel pins could be appropriately modeled by one- or two-
dimensional model for being axially symmetric. This is however not the case for some 
advanced reactor designs, where local symmetry is no longer valid. Heat conduction in 
hexagonal fuel block of modular high temperature gas-cooled reactor (MHTGR) designs and in 
fuel pebble bed of pebble bed reactor designs are such examples. On the other hand, using 
CFD type of modeling strategy for the entire fluid flow and solid structure domain is still 
expensive and not necessary. For many applications of interest to thermal-hydraulics analysis, 
fluid flow could still be modeled as one-dimensional flow, instead of being fully resolved 
using CFD tools. This not only reduces computational cost, but also improves simulation 
accuracy, as empirical correlations (such as pressure drop and heat transfer) could be easily 
used in one-dimensional flow models, while resolving them in CFD is expensive and not 
always reliable. 

Currently, within SAM, the coupling between one-dimensional flow and three-dimensional 
heat conduction equation is realized by using MOOSE’s built-in MultiApp capability. In this 
MultiApp setup, the heat conduction in three-dimensional mesh (the masterApp) and fluid flow 
equations in one-dimensional SAM flow channels (the subApp) are handled in separate input 
files. Data transfer between these two MOOSE App’s are realized by using MOOSE’s built-in 
MultiApp userObject transfer mechanism. 

 

 
Figure 6, MultiApp setup to solve coupled one-dimensional fluid flow and three-

dimensional heat conduction problem. 

 
Figure 6 illustrates the MultiApp setup and data transfer mechanism for such a coupled 

one-dimensional fluid flow and three-dimensional heat conduction problem. As shown in 
Figure 6, conjugate heat transfer takes place between the right (gray) surface of the solid 

3D heat conduction 1D pipe

Tw

h, Tf
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structure and the 1D pipe. During iterations, area-averaged surface temperature from the 
masterApp, Tw, is computed using MOOSE’s built-in ‘LayeredSideAverage’ UserObject, and 
then transferred to the subApp as 1D pipe’s wall temperature using 
‘MultiAppUserObjectTransfer’. At the same time, convective heat transfer coefficient, h, and 
fluid temperature, Tf, are transferred to 3D heat conduction simulation, using 
‘MultiAppNearestNodeTransfer’, to setup its boundary condition. Averaging process is not 
needed when transferring 1D flow data to 3D heat conduction simulations.  

 
(a)    (b) 

Figure 7, Problem setup for the coupled 1D flow and 3D heat conduction simulation. (a) 
3D mesh for heat conduction, (b) cross section of the 3D heat conduction problem. 

 
A test case is given to demonstrate the 1D flow to 3D heat conduction coupling capability 

in SAM. Although it does not represent any real reactor design, the problem setup shown in 
Figure 7 mimics that of prismatic high temperature gas-cooled reactor designs. The solid 
structure consists of the hexagonal graphite block, 6 high power density fuel pins, and 6 low 
power density fuel pins. The block is 0.4m tall, and the flat-to-flat distance of its hexagonal 
cross section is 0.0954m. All fuel pins have the same diameter, which is 12.7 mm; and all 
coolant channels have the same diameter, 15.9mm. These input parameters are also 
summarized in Table 1. 

Table 1 Input parameters for the coupled 1D flow and 3D heat conduction problem 

 
Parameter Value 

# of high power density rods 6 
Power density (high) 5´107 W/m3 

# of low power density rods 6 
Power density (low) 3´107 W/m3 

Fuel rod diameter 12.7 mm 
# of coolant channels 7 

Coolant channel diameter 15.9 mm 
Hexagonal block height 0.4 m 

Hexagonal flat-to-flat distance 0.0954 m 

Graphite
Coolant channel

Fuel (low power density)

Fuel (high power density)
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As shown in Figure 7 (a), all solid structures are explicitly meshed, and the 3D heat 
conduction equation is solved in the masterApp. There are also 7 coolant channels in the 
graphite block, through which helium flows and carries heat away. These 7 coolant channels 
are modeled as 7 ‘PBOneDFluidComponent’ in a separate subApp. The coolant is helium with 
an inlet velocity at 40m/s and temperature at 628.15K. 

 
(a)                                      (b)                                              (c) 

Figure 8, SAM simulation results: (a) solid temperature; (b) fluid temperature; (c) both 
solid and fluid temperatures. 

 
Steady-state SAM simulation results are shown in Figure 8, and it is noted that the three 

sub plots have different temperature scales. The solid structure temperatures are shown in 
Figure 8 (a), with clearly highest temperatures in the high power density fuels. Figure 8 (b) 
shows the fluid temperatures in the 7 coolant channels. Fluid temperature increases from 
bottom (inlet) to top (outlet) as it picks up the heat generated in fuels. It is also clear that the 
central coolant channel has the highest outlet temperature, as it is surrounded by the 6 high 
power density fuel pins. Figure 8 (c) shows both the solid and fluid temperatures, as well as the 
positions of flow channels relative to solid structures. 

Although a more rigorous verification and validation effort is beyond this current work 
scope, an energy balance calculation has been provided as a minimum level of assessment on 
this coupling approach. The total heat source is computed as the summation of all heat 
generated in each fuel rod, which is simply Σ9>:::ECZB[, while the total heat removal is computed 
as the summation of the 7 coolant channels, which is Σ\̇(ℎ^Z_ − ℎ`a). It was found that the 
heat source and heat removal are well balanced from the steady-state solutions, with a relative 
error of 10−6, within the convergence criteria. 
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4 2D Heat Structure and 3D Porous Medium Flow Coupling 
In section 2, the newly added energy equation of solid phase in porous medium and its 

coupling to the porous medium flow equations has been successfully demonstrated. However, 
such a solid energy equation generally only concerns the ‘surface’ temperature of solid 
structures such as fuel pebbles. When, for example, the internal temperature distributions of 
pebbles are concerned, the approach described in section 2 is not able to provide such more 
detailed resolution. This is similar to the case when modeling the heat transfer between the 
condenser of heat pipes in a heat pipe- cooled reactor and the coolant flow in the heat 
exchanger. For such applications, the coolant flow in the heat exchanger could be modeled 
using the porous medium based flow model, however, heat conduction within heat pipes and 
the heat transfer between coolant flow and heat pipes also have to be explicitly modeled. This 
requires a more sophisticated modeling strategy than what has been presented in section 2. To 
overcome such a modeling and simulation difficulty, similar to the 1D flow coupling to 3D 
solid heat conduction presented in section 3, a multiApp strategy is developed. The porous 
medium flow equations are solved in the masterApp, which is able to handle complex 
geometry configuration, such as cavity-porous zone-cavity similar to that presented in section 
2. The heat pipe problem is solved in the subApp, and the heat transfer between heat pipes and 
the coolant flow in the masterApp could be resolved by transferring data between the two 
App’s. Such an example problem and mesh setup are illustrated in Figure 9. 

 
 

 

 
Figure 9, MultiApp setup to solve coupled 2D heat structure and 3D porous medium flow 

problem. 
 
From Figure 9, it can be found that a quite coarse mesh setup is used for the coolant flow in 

the heat exchanger, and each cell contains several heat pipes within it. Such a mesh 
arrangement is based on the common practice that the mesh size in porous medium flow 
should be large enough to contain several heat structures, such that the porous medium flow 

Heat exchanger
Inlet

Outlet

Heat pipes
Condenser section

Heat pipes
Adiabatic section

Heat pipes
Evaporator section

Cavity zone

Porous zone

Cavity zone
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equation would make physical sense. This is similar to the case in pebble bed reactor 
simulations that the mesh size is normally large enough to contain multiple pebbles. A more 
detailed mesh setup for such a problem is illustrated in Figure 10, which shows a ‘unit’ cell 
that represents the entire porous zone domain shown in Figure 9. 

 

 
Figure 10, A ‘unit’ mesh setup for the 2D heat structure coupling with 3D porous 
medium flow problem. The blue cubic mesh is for porous medium flow, and the four 
black vertical thin rectangles are for heat pipes (only the condenser section is 
shown). The red ‘x’ is a nearest point that bridges the data transfer between the 
master and sub App’s. 

 
The coupling between the 2D heat structure (heat pipes) and 3D porous medium flow 

equations are again realized by data transfer between the master and sub App’s. The coolant 
fluid temperature is transferred from the masterApp to the subApp using MOOSE’s built-in 
object ‘NearestPointLayeredAverage’, which will be used as boundary condition to compute 
convective heat flux on heat pipe surfaces. The heat pipe wall heat flux is transferred back 
from the subApp to the masterApp using MOOSE’s built-in object 
‘NearestPointLayeredSideFluxAverage’, which will be converted to volumetric heat source to 
the porous medium flow energy equation. A list of nearest point coordinates is therefore 
required to bridge data transferring between the two App’s. As shown in Figure 10, the red ‘x’ 
represents one of such nearest points for this unit cell, which is arranged in the center of the 
cell. 

As a short discussion, this current mesh-based coupling and data transfer algorithm is still 
quite far from being generic. This current approach implies that the 2D heat structures are 
straight and follow regular patterns. It also requires additional information of the mesh for 
porous medium flow, or even certain level of manipulation during mesh generation, such that 
the list of nearest points could be correctly generated/obtained. If more complex geometries, 
for example curved heat structures and irregular shapes of the porous medium zone, are to be 
modeled, a more generic approach should be considered. The work presented in [10] is such an 
example, which however requires significant effort to develop the data mapping methodology, 
and is not considered in this current work scope. 

As for SAM simulation, the heat exchanger is a simple rectangular prism of the size of 3m 
(x) × 0.76m (y) × 0.5m (z). The coolant is helium with an inlet velocity of 10 m/s, and outlet 

x
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pressure of 1 MPa. All heat pipes are identical, which is 2m long, with a 1m long evaporator 
section, a 0.5m long adiabatic section, and a 0.5m long condenser section, and the outer 
diameter is 0.034m. A uniform heat flux, 105 W/m2, is applied to the evaporator section of all 
heat pipes. 

Steady-state SAM simulation result is shown in Figure 11. Fluid temperature stays at the 
same in the inlet cavity zone, and then increases linearly in the porous zone as a result of heat 
transfer, then stays at the same in the outlet cavity zone. Solid temperature also shows a similar 
trend, which increases from left to right as the fluid temperature increases. A more detailed 
heat structure temperature distribution is given in Figure 12, from which it can be observed that 
the largest temperature gradients are in the wall and wick region of both evaporator and 
condenser sections, while the vapor core temperature is almost constant. More details on heat 
pipe simulation capability of SAM and its application in modeling heat pipe cooled reactors 
could be found in [11] and [12]. 

 

 
Figure 11, SAM simulation results of 2D heat structures coupling with 3D porous medium 

flow problem 
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Figure 12, Heat structure temperature distribution in a heat pipe from SAM simulation. The 

plot was enlarged 10 times in the y-direction for display purpose. 
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5 Effective Thermal Conductivity of Pebble Beds   
For pebble-bed reactor designs, the decay heat removal mechanism can be quite different 

from that of most existing light-water reactor designs, which heavily rely on active safety 
systems. Instead, HTGR and PB-FHR designs are mainly relying on their passive decay heat 
removal mechanism that utilizes its large vessel surface area as a way of transferring decay 
heat. For example, during a postulated pressurized conduction cooldown (PCC) event [13][14] 
in HTGR, the majority of decay heat is transferred from the core region radially to reactor core 
vessel surface via heat conduction, and then is transferred to the Reactor Cavity Cooling 
System (RCCS) via thermal radiation and convection. For a given core configuration, the peak 
fuel temperature is thus largely dictated by the effective thermal conductivity in the core. There 
have been multiple experimental efforts to study such decay heat removal capability for HTGR 
designs. The SANA [15] experiment was performed in the 1990s in Germany to demonstrate 
the passive decay heat removal capability of pebble bed reactor designs, which has been 
widely used for code benchmark/validation purpose in nuclear reactor thermal-hydraulics 
community. Later, the HTTU experiment [16][17] was performed in South Africa to directly 
investigate the effective thermal conductivity of a prototypical pebble bed. 

To support system level safety analysis of HTGR and PB-FHR applications, correlations 
for effective thermal conductivity of pebble bed have been implemented in SAM. Although 
there exist a large number of such correlations and their variances of different formulations 
[18], most of them share common features to account for several major heat transfer 
mechanisms, such as heat conduction through pebbles and pebble contact areas, heat 
conduction/convection through the fluid, and thermal radiation from pebble to pebble. 
Currently, two correlations have been selected and implemented in SAM, i.e., the Zehner, 
Bauer, and Schlünder (ZBS) [18][19]1 and IAEA [20] correlations. 

The Zehner, Bauer, and Schlünder (ZBS) model is given as, 
 

8BCC
8C

= A1 − √1 − !D! c
1

! − 1 + defg
+ dhi + √1 − ![kd> + (1 − k)dl]	 (5.1) 

 
Of the ZBS model, the non-dimensional effective thermal conductivity related to fluid 

phase conduction, κG, is simplified to be 1. The exact definition of this term is referred to [18] 
and [19]. The non-dimensional effective thermal conductivity related to thermal radiation is 
given as, 

 

dh =
4n
2
!h − 1

7p
q6
8C
	

 
with εr being the surface emissivity, σ the Stephan-Boltzmann constant, and dp the pebble 

diameter. The non-dimensional effective thermal conductivity related to solid heat conduction 

 
1 The original reference for the ZBS model is not available, and the ZBS model has been taken from these two 

references. A cross check has been done to make sure that these two sources agree with each other. 



Recent SAM Code Imrovement to Heat Transfer Modeling 
December 2019 

 

ANL-NSE-19/46  
14 

 

is simple κ ≡ ks/kf . The last contribution represents the heat transfer due to solid conduction, 
fluid conduction, and thermal radiation, 

dl =
2
r s

t(d + dh − 1)
rQded

ln
d + dh

t[de + (1 − de)(d + dh)]
+
t + 1
2t w

dh
de
− t x1 +

1 − de
de

dhyz −
t − 1
rde

{	

with 
 

t = 1.25 x
1 − !
! y

g}/�
	

 
and 

r =
1
de
x1 +

dh − tde
d y − t x

1
de
− 1y U1 +

dh
d X 

For the IAEA model, it argues that there are several types of heat transfer mechanisms in 
pebble beds, including radiation in void region, conduction of gas (fluid phase), conduction of 
spherical and convection of gas (fluid phase). The IAEA effective thermal conductivity model 
includes all except for the gas phase convection part, and therefore, it includes three parts: 1) 
solid conduction- void radiation-solid conduction process, 2) solid conduction—gas 
conduction—solid conduction process, and 3) solid conduction—contact area conduction—
solid conduction process. The IAEA model is thus given as, 

8BCC = 8BCCh + 8BCC
Ä + 8BCCÅ 	 (5.2) 

The solid conduction-void radiation-solid conduction contribution to the total effective thermal 
conductivity is given as, 

8BCCh = ÇÉ1 − (1 − !)g/QÑ! +
(1 − !)g/Q
2
!h − 1

∙
t + 1
t ∙

1

1 + 1
(2/!h − 1)Ö

Ü4n7pq6	 (5.3) 

with 

Ö =
8>

4n7pq6
	

The solid conduction—gas conduction—solid conduction contribution is given as, 
 

8BCC
Ä = 8C s1 − √1 − ! +

2√1 − !
1 − t/d c

(1 − 1/d)t
(1 − t/d)Q ln

d
t −

t + 1
2 −

t − 1
1 − t/di{	

(5.4) 

The solid conduction—contact area conduction—solid conduction contribution is given as, 

8BCCÅ = 8> á
3A1 − â6D

Q

4ä>
ãåç

g/p
1

0.531é x
rè
rê
y	 (5.5) 

with 
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ã = /
éë
rè
	

where NA and NL are the number of pebbles per unit area and length, respectively. R = dp/2 is 
the pebble radius. For the simple cubic arrangement of pebbles, 

é = 1 

éë = 1 

rè = 1/(4åQ) 
rê = 1/(2å) 

For graphite, Poisson ratio μp = 0.136 and Young’s modules Es = 9 × 109 N/m2 are 
provided as default values in current implementation. The external pressure p is related to the 
weight of pebbles in the pebble bed. Although an exact formula was not given in the IAEA 
model [20], based on the original discussion provided in [21], one could reason that such a 
pressure is pebble bed depth-dependent, and the pebble bed pressure can be computed as, 

/ = #>1(1 − !)qV 

where dz = z − z0 is the local bed depth with respect to the bed top surface at z0. 

 

5.1 Validation against HTTU data 
The High Temperature Test Unit (HTTU) facility, developed by the PBMR company in 

collaboration with the North-West University and M-Tech Industrial (Pty) Ltd. in South 
Africa, is an experiment facility dedicated to study the different thermal-fluid phenomena of 
pebble bed type of HTGR [17]. A separate effect test has been performed to investigate the 
effective thermal conductivity of the pebble bed. 

 
(a)                                                                             (b) 

Figure 13, Hight temperature test unit (HTTU): (a) vertical cut through the HTTU test 
section, (b) horizontal cut through the HTTU test section; and red lines for locations of 

thermal-couples (see Refs. [17] for more details). 
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As shown in Figure 13, the test facility consists of approximately 25,000 graphite pebbles 
randomly packed within an annular core configuration bounded by inner and outer graphite 
reflectors. The facility is filled with nitrogen gas at 0.1 atmospheric pressure to reduce heat 
transfer due to gas natural convection. A set of heater elements/electrodes are inserted in the 
inner graphite reflector region to provide heat to the pebble bed, while the outer reflector was 
enclosed within a water-cooled jacket, which removes the heat. The top and bottom of the 
pebble bed was well thermally insulated to limit heat loss. Pebble surface temperatures are 
measured at multiple vertical and circumferential locations. In [17], these temperature 
measurements were used to derive the effectively thermal conductivity of the pebble bed based 
on the Fourier’s law. Two test cases, namely the 82kW and 20kW cases, have been selected to 
validate SAM’s implementation of effective thermal conductivity correlations described 
previously in this section. 
 

 
Figure 14, 2D RZ domain and boundary conditions for HTTU simulation using SAM. 

 
For SAM validation purpose, we take advantage of the axial symmetry of the test facility, 

and thus the pebble bed could be simplified using a 2D RZ domain, with uniformly distributed 
porosity 0.39 and constant pebble diameter 0.06m, as shown in Figure 14. As the main purpose 
is to validate the effective thermal conductivity correlations, SAM simulations have been 
simplified compared to experiments. Some discussions on the simplifications are provided as 
follows. Although top and bottom thermal insulation was installed, there were still some level 
of heat loss from these two surfaces, and thus the radial heat transfer rate, Q in kW, is not 
constant along the radial direction, see figures 15 and 16 of [17]. The heat loss is estimated to 
be approximately 2-3% and is not considered in SAM simulations. As shown in Figure 14, 
zero temperature gradient boundary conditions are still used for the top and bottom surfaces. 
For each test cases (82kW or 20kW), there were two experimental tests performed and the total 
heat transfer rate is slightly off from each other, also in the range of 1-2% [17]. An averaged 
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heat transfer rate is thus used to compute the heat flux at the inner boundary of the simulated 
domain. This averaged value is simply computed as an arithmetic mean as, 

íìîÄ =
íïìñ,_B>_	g + íï`a,_B>_	g + íïìñ,_B>_	Q + íï`a,_B>_	Q

4  

On the outer surface, a simplification is made in SAM simulations to use a Dirichlet type of 
boundary condition to directly set the wall temperature. This is justified by the fact that 
measured temperatures on this outer surface are quite identical to each other, although a small 
level of scattering was also observed, and that the main validation purpose is on the effective 
thermal conductivity in the pebble bed. The wall temperature on the outer surface, TBC, is also 
computed as an arithmetic average of all measured temperatures. These input parameters for 
SAM simulations are summarized Table 2. 

Thermal conductivity of the graphite is approximated as piece wise linear function of solid 
temperature that was digitized from figure 26 of [17]. The values are listed in Table 3. A 
constant density, 1673 kg/m3, is used for graphite, which is taken from measurements 3 of 
[15]. Thermal conductivity of nitrogen at 0.1 atmospheric pressure is also approximated as 
piece wise linear function of fluid temperature. The values are computed from the NIST 
website [22] and are listed in Table 4. 

Table 2 Input parameters for SAM HTTU validation 

 
 82kW Case 20kW Case 

Heat rate [kW] 66.27 11.92 
9ól::  [W/m2] 29298.14 5267.73 

TBC [°C] 104.57 46.67 
 

Table 3 Graphite thermal conductivity as a function of temperature, digitized from figure 26 of 
[17] 

 
Temperature [K] Thermal conductivity [W/(m-K)] 

288.09 154.90 
365.28 138.40 
465.98 120.17 
572.07 104.18 
666.29 92.49 
767.49 82.18 
867.05 74.44 
970.46 67.91 
1071.47 63.27 
1164.63 59.66 
1271.85 56.22 
1471.40 50.37 
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Steady-state results were then obtained from both cases using a uniform 40(r)×20(z) mesh 
size. SAM-predicted pebble surface temperatures are plotted against experimental data in 
Figure 15 for the 82kW case and Figure 16 for the 20kW case, respectively. SAM-predicted 
results are sampled from the vertical center of the domain, i.e., z = 0.6m, while experimental 
data are taken from vertical location C at the same axial location. For the 82kW case, SAM-
predicted temperatures using the IAEA and ZBS correlations agree pretty well with 
experimental data. For the 20kW case, the IAEA correlation produces slightly better prediction 
on pebble surface temperature, while the ZBS correlation produces higher temperatures than 
experiments. It can also be observed that temperature gradient near the inner and outer surfaces 
are larger for experimental data compared with SAM-predicted results, e.g., using IAEA 
correlation. This indicates that IAEA correlation predicts a larger effective thermal 
conductivity than experimentally observed. The main reason is probably due to that a uniform 
porosity is used in the SAM simulation, while in reality, porosity near walls are generally 
larger than the so-called bulk porosity, which would effectively reduce local effective thermal 
conductivity. This is also evident as shown in Figure 17, in which the SAM- predicted 
effective thermal conductivity values using the IAEA correlation are plotted against those 
derived from temperature measurements. Clearly, the near wall effect is significant. It has not 
been considered in this work, and will be included in future studies. Nevertheless, overall, the 
IAEA model shows a pretty good agreement with experimental data when predicting effective 
thermal conductivity of the pebble bed. 

 
Table 4 Nitrogen thermal conductivity as a function of temperature. Source: NIST 
website [22] 

Temperature [K] Thermal conductivity [W/(m-K)] 
300 0.025831 
400 0.032183 
500 0.038125 
600 0.043902 
700 0.049592 
800 0.055186 
900 0.060656 
1000 0.065982 
1100 0.071152 
1200 0.076166 
1300 0.081031 
1400 0.085757 
1500 0.090355 
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Figure 15, SAM-predicted pebble bed temperature compared with experimental data for the 

82kW case. 

 
Figure 16, SAM-predicted pebble bed temperature compared with experimental data for the 

20kW case. 
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Figure 17, Effective thermal conductivity: SAM-predicted values using IAEA model 

compared with those derived from temperature measurements based on the Fourier’s law [17]. 
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6 Summary 
This report summarizes recent SAM code improvement to heat transfer modeling 

capabilities to support system and core thermal-hydraulics analysis for advanced non-LWRs. 
The purpose of these new capabilities is to address the thermal-hydraulics analysis challenges 
to consider multi-scale, multi-dimensional, and multi-physics effects in advanced non-LWRs. 
Recent SAM code improvements have been made to address these modeling and simulation 
challenges, which include the implementation of energy equation for solid structure in porous 
medium and its coupling with porous medium flow equations; coupling between one-
dimensional flow equation and three-dimensional heat conduction equation; coupling between 
two-dimensional heat structure and three-dimensional porous medium flow equations; and 
implementation of effective thermal conductivity of solid pebble beds and its validation against 
High Temperature Test Unit (HTTU) experimental data. Demonstration or validation test 
problems are also included in this report to confirm the successful implementation of these 
capabilities. 
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